The decrease in HIV acquisition after circumcision suggests a role for the foreskin in HIV transmission. However, the mechanism leading to protection remains undefined. Using tissue explant cultures we found that Langerhans cells (LCs) in foreskin alter their cellular protein expression in response to external stimuli. Furthermore, we observe that upon treatment with TNF-, tissue-resident LCs became activated and that stimulatory cytokines can specifically cause an influx of CD4 + T-cells into the epithelial layer. Importantly, both of these changes are significant in the inner, but not outer, foreskin. In addition, we find that LCs in the inner foreskin have increased ability to sample environmental proteins. These results suggest differences in permeability between the inner and outer foreskin and indicate that HIV target cells in the inner foreskin have increased interaction with external factors. This increased responsiveness and sampling provides novel insights into the underlying mechanism of how circumcision can decrease HIV transmission.
INTRODUCTION
Sexual transmission of HIV requires that virions interact with HIV target cells in the genital epithelium within and beneath protective barriers. For example, the close proximity of Langerhans cells (LCs) to the epithelial surface and their ability to extend processes make them likely to be the first cells to encounter invading pathogens. 1 -3 The primary target of HIV, CD4 + T-cells, typically reside below the squamous epithelium and are less likely to be exposed to external agents. However, during inflammation, CD4 + T-cells can infiltrate into the superficial epithelium. How HIV reaches and infects these or other target cells remains to be elucidated.
Clues to the mechanism of sexual transmission may come from circumstances that increase its efficiency, such as inflammation. For example, pre-existing sexually transmitted infections cause an influx of immune cells to the genital tissue. Susceptibility to HIV infection (and multivariate HIV infection) is increased when other sexually transmitted infections are already established. 4 -8 Therefore, in the course of sexually transmitted infections, immune cells can migrate into the epithelium and / or become activated and facilitate infection by HIV virions. The presence of the foreskin also has been shown to increase the efficiency of transmission as multiple studies have shown that circumcision decreases the rate of female-to-male transmission by more than 50 % . 9 -13 The effect of the foreskin on the efficiency of HIV transmission is currently open to debate. Recent reports observe no major differences in keratin thickness, target cell density, or location between the outer or inner foreskin, or glans tissue. 14 Therefore, other physical characteristics or cellular responses may account for the increased rate of female-to-male transmission associated with the presence of the foreskin.
To gain insights into the possible mechanism, we used foreskin tissue explants to study the localization and activation state of resident HIV target cells. We found that the LCs sustain dynamic regulation of their surface markers, including a marker of activation. An infiltration of CD4 + T-cells was also observed after treatment of inner foreskin explants with specific inflammatory cytokines. In addition, there was a greater ability of LCs in the inner foreskin, over those in the outer foreskin, to sample external antigen. Together, these experiments show an enhanced ability of the immune cells of the inner foreskin to Enhanced cellular responses and environmental sampling within inner foreskin explants: implications for the foreskin ' s role in HIV transmission ARTICLES interact with and respond to environmental stimuli. We propose that these interactions result in increased local inflammation. Subsequently, recruitment and activation of resident target cells is in part responsible for the increased efficiency of HIV acquisition associated with the presence of the foreskin.
RESULTS

Modulation of LC marker expression by DNFB
We were interested in studying immune cells within the foreskin epithelium and determine whether we could modify their behavior with specific treatments. As LCs reside near the epithelial surface and have projections that can sample proteins in the environment, we began by trying to manipulate their activity. Takashima and co-workers 15 observed an increase in the movement of LC projections after exposing human LCs transplanted into mouse ears to the skin irritant dinitrofluorobenzene (DNFB). Dynamic movement of LCs could potentially increase their interactions with and capture of invading pathogens. In addition, loss of LCs has been observed in epithelial tissue after exposure to DNFB. 16 To determine the effect of DNFB on LCs in foreskin, explants of outer and inner foreskin were either cultured in media alone or exposed to 0.2 % DNFB for periods of 4 to 6 h. After explants were frozen and sectioned, they were stained for CD1a, a protein highly expressed on LCs and commonly used as an LC marker. 17 A robust and clear CD1a signal identifies each of the LCs (green haze of stain in the stratum corneum is an artifact of staining with our CD1a antibody after fixation and does not represent true cellular signal). Sections were also stained with Hoechst and wheat-germ agglutinin (WGA), which stains nuclei and cell-surface polysaccharides, respectively, to assure the tissue had maintained its structural integrity. We immediately observed a decrease in CD1a-positive cells in both outer and inner foreskin after DNFB exposure ( Figure 1a ). We hypothesized that DNFB exposure had stimulated the LCs to emigrate from the epithelium. To confirm the actual loss of LCs from the tissue, sections from the same explants were co-stained with CD1a and the LC-specific marker langerin. 18 Langerin-positive cells also stained positive for CD1a in the untreated explants. Surprisingly, we were able to identify langerin-positive, CD1a-negative cells in the DNFBexposed explants of both outer ( Figure 1a ) and inner foreskin ( Supplementary Figure 1 online ). Data were quantified by first calculating the number of CD1a-positive cells / 100 m 2 of epithelium in untreated explants. When these explants were co-stained with anti-CD1a and anti-langerin antibodies we observed that all langerin-positive cells were also CD1a-positive. Therefore, staining with either marker in untreated tissue was considered 100 % labeling, to which the number of CD1a-or langerin-positive cells in DNFB-treated samples was normalized ( Figure 1b ) . Only 18.9 % ± 10.5 of the CD1a-positive cells remained in the outer foreskin, and only 24.8 % ± 10.7 were identified in the inner foreskin. The percent of langerin-positive cells in the DNFBtreated explants was also determined. Overall, there was less of a reduction in langerin-positive than CD1a-positive cells in both outer and inner foreskin explants treated with DNFB (46.1 % ± 12.3 and 56.41 % ± 9.7, respectively). This indicated that LCs were in the tissue, but had downregulated their expression of CD1a after exposure to DNFB.
This regulation of CD1a expression shows a specific and robust response of LCs in the tissue explants. We had previously reported that the explant cultures remain intact over several days in culture. 14 Therefore, we sought to determine whether CD1a expression could recover after DNFB removal. A new group of outer foreskin explants from those used in Figure 1 were treated with DNFB for 3 -4 h, were thoroughly washed with media, and then cultured for 2 days in the absence of DNFB. The percentage of CD1a-positive cells was calculated (as in Figure 1 ) in these washout explants (48wash) and was compared with those in 4 h untreated-and DNFB-exposed explants from the same specimen. Again, there was a decrease in CD1a-positive cells, to 18 % ± 8.6, after a 4-h exposure to DNFB ( Figure 2 ). Importantly, explants that remained in culture an additional 2 days after DNFB removal contained 55 % ± 21.3 CD1a-positive cells. Recovery of CD1a expression can be seen in the representative images in Figure 2 . This indicates that LCs in foreskin explants maintain dynamic responsiveness to external stimuli over multiple days in culture.
Activation of LCs by TNF-in the inner foreskin
DNFB had a very dramatic effect on the state of LCs in the genital epithelium and showed the multi-day responsiveness of the explant cultures. To extend these observations we next examined whether the resident LCs would respond to external inflammatory stimuli and if there were any differences in the response of the outer and inner foreskin. Our and other laboratories have reported the ability to activate either emigrant or derived LCs with tumor necrosis factor-(TNF-) in vitro . 19, 20 Therefore, we exposed foreskin explants to TNF-for a period of 2 -3 days before analysis. The epithelial area of each image was determined and the number of LCs was counted to determine an average number of LCs / 100 m 2 of epithelium from multiple specimens. Upon comparing untreated and treated explants, we observed minimal, if any, physiological differences in LC size or localization within the epithelium (data not shown). With TNF-, there were nominal increases of 1.4-and 1.5-fold in the cell number in the inner and outer foreskin, respectively ( Figure 3 ) .
A substantial increase in cell number is typically indicative of an inflammatory response; however, as the vast majority of LCs naturally reside in the epithelium, it was not surprising to find a minimal increase in total cell number upon stimulation. Therefore, we expanded our analysis to include staining for activation marker CD86 in conjunction with CD1a. CD86 is a costimulatory molecule upregulated on dendritic cells after their activation. 21 Using the TNF--treated explants as described above, frozen sections were stained for both CD1a and CD86, blinded, and analyzed to identify activated LCs. Figure 4a shows examples of increased CD86 expression on LCs in inner foreskin explants treated with TNF-. In this sample image there are four LCs with visibly upregulated CD86 (red, second column) with TNF-(bottom row); the insets show an enlargement of one of these cells. This is compared with untreated explants ARTICLES (top row) where a minimal basal level of CD86 is observed. We did not detect any change in the CD86 expression of LCs in the outer foreskin upon culturing with the cytokine. The area of CD86 fluorescence of several individual cells (total number of cells listed under each bar of graph) was measured for each specimen ( n value). These values were then averaged and CD86 expression in untreated and TNF--treated explants of outer and inner foreskin were compared. The area of CD86 expression of LCs in the inner foreskin significantly increased 3.4-fold from 12.4 m 2 ± 4.2 to 42.3 m 2 ± 2.8 ( Figure 4b ). By contrast, outer foreskin samples showed a small decrease in CD86 expression upon culturing with TNF-. This difference in response suggests that these two areas of the genital epithelium respond differently to cytokine stimulation.
Stimulation of emigration of CD4 + T-cells into the epithelium of the inner foreskin
Typically, the majority of T-cells in the skin reside below the basement membrane. However, they can infiltrate the epithelium as part of an inflammatory response. Therefore, we were interested to know if there were any changes in epithelial T-cell density upon treatment of the explants. We also 
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wished to expand our survey of activating compounds to include cytokines that previously had a link to stimulation and migration of CD4 + T-cells. In addition to TNF-, we added treatments with interleukin-12 (IL-12), IL-1 , IL-16, CCL21, macrophage inflammatory protein (MIP1 α ), and monocyte chemotactic protein 1 (MCP1). 22 -31 Explants of outer and inner foreskin were left untreated or cultured with one of the above compounds for 2 -3 days before freezing and staining. T-cells were identified on the basis of CD4 expression, small size, and morphology. The number of T-cells in each image was determined and the average density of CD4 + T-cells in the epithelium was calculated after each treatment (see Supplementary Table 1 online). As often occurs with donor tissue, there was variability in basal T-cell densities among the samples. Therefore, to determine whether any changes occurred between untreated and treated explants of the entire data set, we calculated the fold increase in density with each treatment, compared with that in untreated outer or inner foreskin. In the charts in Figure 5a , each different colored dot represents the fold value of a different donor, normalized to that specimen ' s untreated control, and the black bar indicates the average of these values. Consistent CD4 T-cell infiltration was observed in treated inner foreskin explants. Specifically, there were statistically significant increases of 2.2 ± 0.48 and 2.7 ± 0.54-fold in CD4 T-cell density after treatment of inner foreskin with MIP-1 or TNF-, respectively. Figure 5b shows an example of an influx of CD4 + T-cells in inner foreskin exposed to MIP-1 . The overall lack of response in the outer foreskin further supports the increased ability of inner foreskin target cells to respond to external stimuli.
After observing increase in T-cell density with MIP-1 , we wished to confirm if its stimulatory effect was specific to T-cells or would also promote LC activation. Therefore, we used the same samples as above and stained for CD86 and CD1a to determine the activation state of the LCs, as described for Figure 4 . We did not observe any significant increases in LCs associated CD86 expression with any of the new treatments in either outer or inner foreskin (see Supplementary Figure 2 online). Overall, it appears that migration of T-cells can be affected by more than one stimuli, and that the inner foreskin is more responsive to inflammatory stimuli than outer foreskin.
Environmental sampling by LCs in the inner foreskin
Images during the above analysis were acquired in explants with an intact epithelial surface (confirmed through WGA staining). LCs resident within both inner and outer foreskin responded to DNFB by downregulating CD1a expression, but stimulation of LCs and T-cells only occurred in the inner foreskin. This suggests that cells of the inner foreskin have better access and / or stronger responses to compounds in the external environment. To test the ability of tissue-resident LCs to gain access to proteins in the environment we cultured explants with a labeled langerin antibody. We hypothesized Outer and inner foreskin explants were cultured in media alone or media with TNF-for 2 -3 days. Explants were frozen, sectioned, and stained with WGA, CD1a, and Hoechst. The number of LCs in the epithelium was calculated as described in the text and under section Methods. The graph shows the average density of LCs / 100 m 2 of epithelium. The n values represent the number of donor specimens analyzed. The error bars represent the standard error of the mean. The differences observed were not statistically significant as determined by both Wilcoxon sign ranked test and Student ' s t -test. LC, Langerhans cell; TNF, tumor necrosis factor; WGA, wheat-germ agglutinin.
ARTICLES
that LCs of inner foreskin would have better access to the antibody and more robust LC labeling than LCs of the outer foreskin. Langerin antibody was labeled with a green fluorophore and cultured with explants for 4 h before any freezing or fixation, and is therefore termed ' explant langerin ' . Once the explants were frozen and sectioned they were fixed, permeabilized, and stained as usual with a red langerin antibody, referred to as ' section langerin ' stain. This second langerin incubation, after freezing, would identify all of the LCs in the tissue section, whereas a yet to be determined number of LCs could be associated with the langerin antibody cultured with the explant. A total of six different donor specimens were treated and the slides were blinded before analysis. An example of the observed staining is shown in Figure 6a . Red section langerin signal is apparent in both outer and inner foreskin; however, explant langerin signal is much more distinct in the inner foreskin ( Figure 6a ) . We compared the number of LCs positive for green langerin signal to the total number of LCs, identified by the red langerin stain, and calculated the percent of LCs that were able to acquire langerin antibody during culture ( Figure 6b ). Overall only 45 % ± 12 LCs were positive for explant langerin in the outer foreskin. This compares to a significantly higher average of 83 % ± 7 LCs positive in the inner foreskin. During analysis we observed that the strength of explant langerin signal varied in the LCs; therefore, we performed additional analyses to include the average intensity of the green signal for each of the LCs. In all six specimens, the average signal of explant langerin in 
the LCs of the inner foreskin was brighter than that in the outer foreskin ( Figure 6c ). When averaged, the LCs of the inner foreskin had a twofold higher intensity than those in outer foreskin (readings of 338 ± 93 vs. 153 ± 66, respectively). Finally, we also measured the area of green, explant langerin, signal for each LC and calculated the relative amount of antibody retrieved by each cell ( Figure 6d ). The average area was 3.2-fold higher in the inner foreskin (48 m 2 ± 14) than in the outer foreskin (15 m 2 ± 6). These data clearly suggest that intact inner foreskin has greater access to materials in its external environment than the outer foreskin.
DISCUSSION
Several clinical trials have shown a link between circumcision and decrease in HIV acquisition. 9 -13 However, the mechanism through which foreskin removal has a protective effect is unknown. Of related significance is the increased incidence of HIV infection during co-infection with other sexually transmitted agents. 4 -8 The experiments here potentially link these two factors and propose a cause-and-effect relationship of inflammation of the inner foreskin and activation / proximity change of immune cells significant to HIV transmission.
Our previous report of sustained viability and structure of cultured foreskin explants 14 did not consider the physiological state of resident HIV target cells. Here we observe the response of resident LCs and T-cells to external stimuli after days in culture, either by changing their protein expression or location within the epithelium. In the experiments with DNFB we observed that the LCs specifically downregulated their surface marker CD1a, but were able to renew its expression upon DNFB removal ( Figures 1 and 2 ) . These responses to a compound in the culture media prompted us to analyze the immune cells of the outer and inner foreskin, specifically to compare the responses of the LCs and CD4 + T-cells to inflammatory cytokines.
We used upregulation of the activation marker CD86 and infiltration of T-cells into the epithelium as hallmarks of an inflammatory response in the tissue and observed a clear disparity between the observations in the outer and inner foreskin. Measurable changes, such as activation of LCs and infiltration of CD4 + T-cells into the epithelium, were only observed in the inner foreskin ( Figures 4 and 5 ) . Specifically, TNF-significantly promoted both responses, whereas MIP-1 induced significant increases only in epithelial CD4 + T-cell density. 
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The selective response of HIV target cells residing in the inner foreskin suggests some physiological difference between the outer and inner foreskin. Either the resident cells of the inner foreskin are more responsive to external stimuli or the compounds added are better able to penetrate its epithelial barrier. Both aspects of the foreskin responded similarly to DNFB ( Figure 1 ) ; however, this is a small molecule that we believe can likely penetrate both inner and outer foreskin tissue with similar efficiency. By contrast, we observed cellular responses in the inner, but not outer, foreskin when explants were exposed to larger proteins like TNF-. In addition, a greater number of LCs resident in the inner foreskin were able to access the external antibody in culture ( Figure 6b ) and were also able to ' collect ' the antibody to a greater degree than those in the outer foreskin ( Figure 6c and d ) .
These observations suggest a new model of how HIV transmission may be facilitated by the presence of foreskin. The foreskin forms a mucosal surface that more efficiently detects environmental factors, increasing inflammatory responses. Consistent with the known ability of inflammation to increase HIV acquisition, the increased inflammatory response associated with the inner foreskin would lead to a higher efficiency of transmission, as seen with HSV-2 infection. 32 Interestingly, this model is consistent with the increased acquisition of HIV by uncircumcised individuals who received the Ad5 HIV vaccine used in the STEP vaccine trial. 11 These individuals had a greater than twofold increase in HIV acquisition when compared with circumcised individuals who received the vaccine. We theorize that presence of inner foreskin in vaccinated individuals led to detection of HIV antigens through the inner foreskin and a subsequent antigen-specific inflammatory response. The resulting activation and infiltration of target cells would increase the likelihood of transmission. By contrast, the more responsive HIV target cells in the inner foreskin were not present in the circumcised individuals. Therefore, they had less of an inflammatory response to HIV antigens and no increase in the efficiency of HIV acquisition.
This model for how circumcision might decrease HIV acquisition has important implications for strategies to reduce the transmission of HIV. For example, treatments that decrease the permeability of the inner foreskin would decrease inflammatory responses and subsequent activation and infiltration of HIV target cells. Other approaches could involve blunting the immune response. As recently suggested by Hasse and co-workers, 33 the antimicrobial and anti-inflammatory compound glycerol monolaurate could prevent the vaginal transmission of SIV. Microbicides designed to block the inner foreskin responses described here could represent a novel approach for prevention of HIV acquisition.
METHODS
Tissue source . Foreskin tissue was obtained from adult male patients undergoing elective circumcisions at local hospitals. All tissue was obtained according to institutional guidelines. Donor tissue was obtained the same day as the surgery was performed and kept in sterile saline solution until processing, within 24 h of surgery.
Tissue culture and cytokine treatments . The outer and inner foreskin was cut separate from each other upon receipt of the specimen.
Explants of approximately 1 cm 2 of each were cut and kept in sterile 
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phosphate-buffered saline during the course of tissue processing. A 48-well plate was prepared with wells containing RPMI with 10 % fetal bovine serum alone for untreated samples, or had media containing IL-12 (100 ng ml − 1 ), IL-16 (500 ng ml − 1 ), CCL21 (100 ng ml − 1 ), IL-1B (100 ng ml − 1 ), MIP-1 (100 ng ml − 1 ), monocyte chemoattractant protein-1 (100 ng ml − 1 ), or TNF-(30 ng ml − 1 ) (Peprotech, Rocky Hill, NJ). The explants were kept in culture for 2 -3 days and then were frozen in OCT before sectioning and staining.
DNFB experiments
Explants were prepared as described above. The wells of a 48-well plate were filled with either RPMI with 10 % fetal bovine serum alone or with 0.2 % DNFB (Sigma, St Louis, MO). After culturing for the desired time period (typically 4 h), the explants were frozen in OCT before sectioning and staining. For washout experiments, untreated and DNFB-treated explants were frozen after 3 -4 h and an additional treated explant was washed with media several times and then cultured for an additional 2 days before being frozen. The epithelial area was measured and the number of CD1a-positive cells was counted. The number of CD1a-or langerin-positive cells / 100 m 2 of untreated tissue was used as a reading of 100 % for normalization of DNFBtreated and washout tissue.
Immunofluorescence and antibodies . Sections were fixed in methanol: acetone (1:1) and blocked with normal donkey serum before staining. To, identify LCs, sections were stained with CD1a (OKT6 hybridoma; ATCC, Manassas, VA). Activation status was identified by staining with CD1a in conjunction with CD86 (BD Pharmingen, San Diego, CA) labeled with Zenon Alexafluor-594 (Invitrogen, Eugene, OR) Sections were also stained with WGA and Hoechst. To identify CD4 + T-cells, additional sections were stained with CD1a, Alexafluor-594 (Invitrogen)-labeled CD4 monoclonal antibody (Sigma), WGA, and4 Ј ,6-diamidino-2-phenylindole. For co-staining of langerin and CD1a for DNFB experiments, OKT6 followed by anti-mouse Oregon Green secondary (Invitrogen) and Alexafluor-594 (Invitrogen)-labeled langerin (Beckman Coulter, Brea, CA) were used. After staining, sections were covered with mounting medium (Dako, Glostrup, Denmark) and coverslips, and sealed with nail polish until imaged.
Antibody uptake experiments . Explants of outer and inner foreskin were cultured in media containing langerin antibody labeled with Zenon Alexafluor-488 for 4 h. The explants were frozen in OCT, sectioned, fixed with 3.7 % paraformaldehyde, and stained with langerin labeled with Zenon Alexafluor-594, WGA, and Hoechst. Slides were blinded before imaging and analysis. One donor specimen was excluded due to excessive inflammation of the tissue that would potentially perturb results. Half of these samples (with sections from deeper within the explant) were analyzed in duplicate for antibody uptake to confirm reproducibility of results. These data were not represented in the graphs and included in the data presented here, but did show a similar trend of more antibody-positive cells in the inner foreskin than in the outer foreskin.
Image acquisition and analysis . All images were acquired using an Olympus Deltavision IX71 deconvolution microscope. Panel images were acquired so that overall structure of the surface epithelium in addition to the underlying connective tissue could be observed. The total number of images included a minimum of 1E5 m 2 of epithelial area for each treatment. Images for each individual experiment were acquired with the same settings (exposure time, exposure strength, and number of z -sections) and on the same day for untreated and treated samples to assure consistency in detecting fluorescence intensity. Samples were blinded either before imaging or analysis. The Softworx 3.5.1 analysis software was used to measure the area of epithelium to determine cell densities within the tissue. Polygon modeling functions of the software allowed us to measure the area of fluorescence of specified fluors for LC activation and antibody uptake studies. The mean fluorescence intensity of the LC polygon was also recorded for the antibody uptake experiments.
Statistical analysis . Measurements from several images of each treatment were used to calculate an average value for a specific treatment for each assay. Error bars and ± notations signify the standard error of the mean. Statistical significance analysis was performed using an SPSS program and by Wilcoxon sign ranked sum test. The P -values are listed in each respective figure legend. Data that were deemed statistically significant by the Wilcoxon test were also found to be significant by Student ' s t -test.
